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During the last decades impressive progress has been made in understanding of the catalytic 
mechanism of F-type ATP synthase, which is the key enzyme in the energy metabolism of 
eukaryotes and most bacteria. This enzyme catalyzes the final step in the process of oxidative 
phosphorylation in bacteria and mitochondria, or in photophosphorylation in chloroplasts. However, 
some closely related enzymes, the A-type ATP synthase and V-ATPase, have been poorly 
characterized in terms of structure. These enzymes are unique energy converters in archaea (A-
ATPase), bacteria and eukaryotes (V-ATPases). Despite a striking similarity to some of the F-type 
ATP synthase subunits, the A-type ATP synthase and V-ATPase seem to have a slightly different 
overall structural organization and regulation. In Chapter I we give an extensive overview of the 
current knowledge about these enzymes, highlighting the open questions concerning the V-ATPase 
and A-type ATP synthase structure and subunit interaction. The thesis deals with the structure of the 
latter two enzymes and their analysis with single particle electron microscopy and a number of other 
biochemical and biophysical techniques. 
Chapter II reports first insight into the subunit composition of the central stalk of the V-
ATPase. A Na+-pumping V-ATPase complex from the thermophilic bacterium Caloramator 
fervidus was isolated. Three subcomplexes with different V1-ATPase subunit composition were 
purified by anion exchange chromatography following temperature-driven dissociation of the V-
ATPase complex. Subsequent analysis of the subcomplexes by polyacrylamide gel electrophoresis 
revealed the differences in their subunit composition. Single particle electron microscopy was 
applied for subcomplex analysis. Two-dimensional maps of the averaged subcomplex projections 
revealed variation in the length of the central stalk. Multivariate statistical analysis of the V1-
ATPase projections from the fractions differing in the subunit composition allowed us to reveal the 
position of the V-ATPase specific subunit C (d in the eukaryotic V-ATPase) on the tip of the central 
stalk interacting with V0-subunits. Subunit C makes the central stalk of the V-ATPase substantially 
longer in comparison with the F-ATPase counterpart. Difference mapping was performed to 
investigate shape and relative position of the stalk subunits in the V-ATPase complex. 
In Chapter III we continue the work on the identification of the stalk elements in the V-ATPase 
complex. An attempt was made to identify a structural analogue of the F-ATPase coupling subunit γ. 
The experiment consisted of a co-reconstitution of subunits E and G of the yeast V1-ATPase and the 
α and β subunits of the F1-ATPase from the thermophilic Bacillus PS3 (TF1), and subsequent single 
particle electron microscopy. The co-reconstitution experiment resulted in an α3β3EG hybrid 
complex showing 53% of the ATPase activity of TF1. The electron microscopy and single particle 
image analysis revealed two-dimensional projections of the complex in various positions. An atomic 
model of the α3β3 subcomplex from TF1 was used for the identification of the V-ATPase subunits by 
difference mapping. Comparison of the TF1 and α3β3EG hybrid complex revealed that V-ATPase E 
and G subunits form the central stalk similar to that found in the C. fervidus V1-ATPase projections 
(Chapter II). On the basis of the biochemical and structural data available, we propose that V-
ATPase subunit E is a structural analogue of the F-ATPase subunit γ, while subunit G is located on 
the periphery of the subcomplex. 
In Chapter IV we attempt to identify the position of the Saccharomyces cerevisiae subunit C 
(Vma5p) in the V1 complex. This subunit is present only in the eukaryotic V-ATPases and is crucial 
for the regulation of their activity by reversible disassembly. A V1-ATPase hybrid complex was 
  9
obtained by the reconstitution of the purified Vma5p with the subunit C depleted V1 from Manduca 
sexta. Because instability of the hybrid complex, a large data set of over 20,000 single particle 
projections was analyzed. Analysis of single particle projections revealed a rather heterogeneous set 
of the V1-ATPase complexes. Part of the complexes contained a large external density, which was 
suggested to represent Vma5p. Comparison of the hybrid complex projections to the averages of the 
C subunit depleted V1 from M. sexta suggests that, indeed, Vma5p is located on the exterior of the 
V1-ATPase stalk region. The interaction face of Vma5p with V1 was explored by chemical 
modification experiments and a model for the binding of Vma5p is presented. 
Chapter V describes the first structural characterization by electron microscopy of the intact A-
ATP synthase. The A-ATP synthase complex was purified from the archae Methanococcus 
jannaschii. Two-dimensional projection maps of negatively stained complexes were obtained by 
electron microscopy and single particle image analysis at a resolution of 1.8 nm. The enzyme with 
an overall length of 25.9 nm is organized in an A1 headpiece (9.4 x 11.5 nm), and a membrane 
domain A0 (6.4 x 10.6 nm). Two domains are linked by a stalk region. Similar to the F-ATP 
synthase and V-ATPases, the central and peripheral stalks were detected. The peripheral stalk 
moiety is clearly connected to the A0 domain at only one site. In the lower part of the stalk region a 
horizontal situated rod-like structure (“collar”) was detected. In projection maps it crosses the 
central stalk density above the contact of the central stalk with A0.  The elements of the peripheral 
stalks extend from the collar up to the top of the A1 headpiece. Superposition of the 3D-
reconstruction and the solution structure of the A1 complex from Methanosarcina mazei Gö1 
allowed interpretation of the subunit arrangement in the A-ATPase complex.  
In Chapter VI the results described in this thesis are summarized and discussed. On the basis of 
the new structural and biochemical data, a model for the subunit arrangement in the V-ATPase 
complex is proposed and discussed. 
